We present vertical profiles of water vapor in the Martian atmosphere during global and 21 regional dust storms in 2018-2019. 22 • We show a rapid and significant increase of water vapor in the middle atmosphere (40-23 100 km) during both global and regional dust storms. 24 • Water vapor reaches very high altitudes, at least around 100 km, during the global dust 25 storm. 26 27 28 Abstract 29
Introduction
these recent measurements imply that global dust storms may effectively transport water vapor 66 from the near surface to the middle atmosphere and hence increase the escape rate with respect to 67 the atmospheric water loss under no-storm conditions. Heavens et al. (2018) and Fedorova et al. 68 (2018) showed the vertical profile of water vapor before/during/after the global dust storm in 69 2007. They found a significant increase of water vapor abundance in the middle atmosphere and 70 an increase in altitude of the hygropause (where the water content rapidly decreases following 71 saturation and ice cloud formation). Fedorova et al. (2018) found that the water vapor 72 enhancement is asymmetric between the northern and southern hemispheres -the increase of the 73 water vapor abundance due to the global dust storm is remarkable only in the northern 74 hemisphere. This suggests that meridional circulation of the atmosphere is intensified during the 75 dust storms and transports water vapor more efficiently from the southern to the northern 76 hemisphere. Moreover, it is suggested that dust storm related increases of atmospheric 77 temperatures suppress the hygropause, hence reducing ice cloud formation and so allowing water 78 vapor to extend into the middle atmosphere (Heavens et al., 2018; Neary et al., 2019) . 79 To date, vertical profiles of water vapor have been investigated by the solar occultation water in the middle atmosphere that contributes the atmospheric escape of water. They also 87 found that the water vapor abundances in the middle atmosphere are further increased during the 88 global dust storm that occurred in 2007. However, even though it is proposed that an intensified 89 meridional circulation may transport water vapor efficiently, the complete picture of the water 90 vapor distribution during global dust storms is not yet confirmed. This is because (1) the 91 MEX/SPICAM measurements can be performed only in a limited period because the MEX orbit 92 is not dedicated for solar occultation observations, for instance its measurements during the 
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In 2018, for the first time after 2007, a global dust storm occurred on Mars. It lasted for 109 more than two months (from June to August). Moreover, following the global dust storm, a 110 regional dust storm occurred in January 2019. TGO began its science operations on 21 April 111 2018. The NOMAD and ACS observations therefore fully cover the period before/during/after 112 the global and regional dust storms and offer a unique opportunity to study the trace gases 113 distributions during the dust storms. In this paper, we present water vapor vertical profiles from 114 April to September 2018 and from December 2018 to February 2019 retrieved from the 115 NOMAD measurements. We have analyzed those datasets and published two water vapor 116 vertical profiles as early results -one before the global dust storm and the other one during the 117 storm, which present a significantly conspicuous increase of water vapor during the global dust 118 storm . This study presents the results of the extended datasets at the 119 period of the dust storms. The details of the NOMAD observations and the data analysis are 120 described in Sections 2 and 3, respectively. The observational results are discussed in Sections 4 121 and 5 for the global dust storm and regional dust storm, respectively. A full GCM simulation is 122 presented in an accompanying paper (Neary et al., 2019) . (Neefs et al., 2015) . The concept of the infrared channels are derived from the Solar 133 Occultation in the IR (SOIR) instrument (Nevejans et al., 2006) onboard Venus Express (VEx). 134 The sampling rate for the solar occultation measurement is 1 second, which provides better 135 vertical sampling step (~1 km) with higher resolution (~2 km) from the surface to 200 km. 136 Thanks to the instantaneous change of the observing diffraction orders achieved by the AOTF, 137 the SO channel is able to measure five or six different diffraction orders per second in solar 138 occultation mode. One of the most remarkable capabilities of NOMAD is its high spectral where I is the spectrum through the atmosphere, F is the reference solar spectrum, and I/F is thus 182 the transmittance. The noise in the reference solar spectrum Ferr is given by the standard 183 deviation of the solar spectra (normalized) that are used to create the reference solar spectrum. 184 The noise in the spectrum through the atmosphere Ierr is given by the sum of dark noise (we use 185 the standard deviation of the signal recorded when the radiation reaching the detector is similar 186 to the noise level when the planet is in the Line-Of-Sight (LOS)) and estimated noise from the 187 one in the reference solar spectrum (Vandaele et al., 2013) . Typical Signal to Noise Ratio (SNR) 188 for a single spectrum recorded in diffraction orders 134 and 168 is 1500-2500. (2016) for H2O. A Voigt function is adopted for the line shape function. 222 The observing geometry is calculated based on the SPICE kernel of the TGO orbits. 223 Based on the geometry (i.e., latitude, longitude, solar longitude, and the local solar time at the 224 tangential point), we extract vertical profiles of the temperature, pressure, and CO2 volume where dust is scaled to the MY34 climatology and the vertical profile was determined using an 235 adjusted Conrath profile (Conrath parameter=0.0008; "GDS0008" simulation). 
2. Retrievals
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We performed the retrieval of H2O abundance for each spectrum at each tangential 238 altitude independently (Vandaele et al., 2019), i.e., using the classical "onion peeling" method. 239 The retrievals start at the top of atmosphere (120 km altitude for this study). At the highest 240 altitude, the initial guess for the H2O volume mixing ratio is set a small value (typically 1 ppm). 241 Once H2O absorption features are detected, the retrieved value is used as the initial guess for the 242 next layer below. Since the slant optical depth integrated along the LOS is relatively large for 243 solar occultation measurements comparing to nadir observations, strong H2O lines (line intensity 244 S larger than ~10 -20 cm -1 / (molecule cm -2 )) are easily saturated. In our retrieval scheme, if lines 245 are saturated (i.e., the total optical depth at infinite resolution is greater than 1), their weights are 246 reduced as follows: 247 248 where σ(ν) is the instrumental noise, σ'(ν) is the de-weighted error used in the retrievals, and τ(ν) 249 is the total slant optical depth integrated along the LOS. De-weighting pixels that contain lines 250 whose optical depth at line center before considering the instrument exceeds 1 would be a strong 251 constraint, however, it is useful to reduce possible biases and uncertainties associated with 252 imperfect knowledge of instrumental functions. 253 The retrievals are performed using the Optimal Estimation Method (OEM) (Rodgers, 254 2000) implemented in a Gauss-Newton iterative scheme. The spectral ranges for the retrieval are Fig. 4a ), 305 however, the retrieved values are sometimes inconsistent beyond 3-sigma of the standard 306 retrieval error (as shown in Fig. 4b ). The median value of the difference between order 168 and 307 134 retrievals is about twice larger than 1-sigma of the standard retrieval error, and inconsistent 308 results above 3-sigma occur in around 35% of occultations. We consider this is mainly due to the 309 fact that instrumental characterization such as the AOTF transfer function is not fully achieved, 310 however this does not invalidate the conclusions of this study. 
2. Seasonal variation of the water vapor vertical profiles
328 Figure 5a-b shows the seasonal variation of the water vapor vertical profiles at Ls=162-329 260° retrieved from the NOMAD measurements taken in the northern hemisphere ( Fig. 5a ) and 330 the southern hemisphere (Fig. 5b) . The top panels show the latitude and local time of the 331 measurements as references. It would be interesting to explore the changes in the water vapor 332 vertical distribution during the 2018 dust storm and for the same period in a non-dust storm year. 333 However, as the 2018 storm occurred in the first year of operations of NOMAD, we have no 334 direct self-consistent reference for the non-dust storm conditions. Previous directly and indirectly 335 retrieved water vapor profiles (see introduction) are sparse and the match in space and time with 336 the NOMAD profiles is in general poor. Therefore, we prefer to use a GCM as tentative 337 reference for the non-dust storm water vapor distribution, as it provides a complete coverage for presents the differences between the measured water vapor vertical profiles ( Fig. 5a-b ) and the 344 predictions by GEM-Mars for non-dust storm conditions ( Fig. 5c-d) . 345 The abundance of water vapor in the middle atmosphere suddenly increased around Ls = 346 190° in both hemispheres. This is not seen in the GCM data for non-dust storm conditions ( Fig.   347 5c-d). In contrast, around Ls = 210°, the water vapor abundance in the lower atmosphere seems 348 to have decreased with respect to non-dust storm conditions. However, the retrieval accuracy and Moreover, we detect water vapor at very high altitude, reaching at 100 km with a volume mixing 366 ratio of ~50 ppm. After these peaks, the enhanced water vapor in the middle atmosphere 367 gradually returned to the typical climatological levels. A small local maximum in water vapor 368 also appears around Ls = 235-240° in the northern hemisphere (Fig. 5a ). This is due to the fact 369 that the measurements are performed at equatorial region where more water vapor is present. 370 While in contrast, the water vapor abundances in the southern hemisphere have a small local 371 maximum around Ls = 230°, which can be explained by the fact that the water vapor in the 372 southern hemisphere does not have a maximum at equatorial but at high latitude (see Section 4.3. 373 in detail). Finally, we note that it is difficult to distinguish local time variation from the seasonal 374 one since either sunrise or sunset measurements last for 10-20°of Ls as shown in the top panel of Fig. 6b ), Ls = 210-220° (mature phase of the dust 381 storm, Fig. 6c ), Ls = 220-240°, and Ls = 240-260° (decay phase of the dust storm, Fig. 6d and 382 6e). The latitudinal distributions of the water vapor vertical profiles before and after the onset of 383 the global dust storm are quite different (Fig. 6a, b ). After the onset of the global dust storm, the 384 water vapor abundance in the middle atmosphere is significantly and consistently increased at 385 60°S-60°N. At the mature phase of the dust storm (Fig. 6c ), the water vapor abundance is . Such processes will also 398 transport water vapor and may also contribute to the formation of local high altitude water vapor 399 maxima. At the decay phase of the dust storm (Fig. 6d, 6e) , the water vapor abundance is similar 400 to that at the mature phase, however the latitudinal distribution has a gradient with a maximum 401 value at latitudes greater than 60°S. It is well known that the symmetry between two meridional 402 "equinox" cells is significantly reduced at Ls = 220°, as the formation of a single pole-to-pole presents the differences between the measured water vapor vertical profiles ( Fig. 7a-b ) and the 428 predictions by GEM-Mars for non-dust storm conditions ( Fig. 7c-d ). In the time before the storm 429 (Ls~300° in the north and Ls~305-320° in the south) and also at Ls~240-260° in the southern 430 hemisphere (Fig. 5b) , the GCM water mixing ratios between 10 to 40 km are considerably higher 431 (by a factor ~2) than those measured by NOMAD. However total water columns from the GCM data gap due to orbital geometry. The GCM data also show a distinct increase of water vapor 438 abundances up to 40 km in this period. However, the increase of water vapor seen in the GCM is 439 due to the latitude of the measurements (low latitudes) and does not expand above 40 km 440 altitude. Since the timing of the enhancement of the water vapor in the middle atmosphere seen 441 by NOMAD corresponds to the period of the regional dust storm and since it expands into the 442 whole middle atmosphere, it is reasonable to attribute that enhancement to the regional dust 443 storm. At the period of this storm, water vapor abundances in the middle atmosphere exceed 150 444 ppm and water vapor is present up to (at least) 90 km. The water vapor abundances in the middle 445 atmosphere are smaller than those in the 2018 global dust storm and the top altitude is lower. (Fig. 8a) , 449 Ls = 320-330° (Fig. 8b , at the time of the regional dust storm), and Ls = 330-345° ( Fig. 8c ). It is 450 found that the water vapor is significantly increased in the middle atmosphere at the time of the 451 regional dust storm with the maximum values at latitudes greater than 60°S (Fig. 8b) . The 452 meridional circulation over the period of this regional dust storm (Ls = 322-327°) is still 453 expected to be a single pole-to-pole "solstice" cell. Thus, the mechanism may be the same as for 454 the decay phase of the 2018 global dust storm, i.e., the strong upward branch of the meridional 455 circulation, as proposed by Shaposhnikov et al. (2019) , may be responsible for the local 456 maximum observed at latitudes greater than 60°S. 457 6. Conclusions 458 We have analyzed a selection of the first year solar occultation measurements by 459 TGO/NOMAD and have presented variations in the vertical profile of water vapor on Mars, 460 including periods of the global dust storm in 2018 and the following regional storm in 2019. The (the top panels of (a)-(e)), predicted by the GEM-Mars for non-dust storm conditions (the bottom 760 panels of (a)-(e)) in the seasonal range between Ls = 180-195° ( Fig. (a) , before the global dust 761 storm), Ls = 195-202° ( Fig. (b) , during the growth phase of the storm), Ls = 210-220° ( Fig. (c) , 762 during the mature phase of the storm), Ls = 220-240° ( Fig. (d) , during the decay phase of the 763 storm), and Ls = 240-260° ( Fig. (e) , during the decay phase of the storm). The retrievals and 764 GEM predictions are binned in 5° latitude × 1 km altitude grid (averaged in season and 765 longitude). 
